The structures of three negatively charged forms (anionic keto-1 and enol-1, dianonic enol-2) of oxyluciferin (OxyLuc), which are the most probable emitters responsible for the firefly bioluminescence, have been fully relaxed at the variational Monte Carlo 
: Lewis representation of the keto-1, enol-1, and enol-2 forms of oxyluciferin studied in this work.
minescence mechanism have been achieved in the last ten years also thanks to computational studies, mainly based on multi-scale QM/MM techniques.
26-31
Despite the large amount of studies in the literature, there is still no general consensus on the relative stability of the tautomers (also with different protonation states) and how the interaction with the external environment modifies the stability of the various forms of OxyLuc. Several experimental 23, 24 and theoretical 13, 20, 28, 32, 33 studies indicate the keto-1 form ( Figure 1 ) as the light emitter. Nevertheless, Naumov et al., reporting the crystal structure of OxyLuc in the enol-1 form (Figure 1 ), proposed that the enol-1 is the emitter.
34-36
In order to understand the photophysics of OxyLuc in complex environments, first a clear understanding of the ground state and absorption properties in the gas phase is needed. In this context, gas phase experiments are very useful to capture the intrinsic electronic properties of OxyLuc without any perturbation given by the surrounding environment and to produce a reference analysis for the gas phase absorption. 14 Action spectroscopy on the bare OxyLuc singly-charged anion produces a quite broad absorption band at 548 ± 10 nm (2.26 ± 0.08 eV Following the indications of Refs 13, 33 we study here the absorption properties of the gas phase keto-1, enol-1 and enol-2 forms of OxyLuc, focusing the attention on the first (bright) excitation, S 1 ← S 0 . In this work we aim: i) to study the possible interplay between the optimized ground state geometric parameters and the absorption properties of the OxyLuc forms; ii) to define a computational procedure able to accurately compute the relative shift in the absorption for the three forms; iii) to understand the reliability of gas phase calculations of the dianion enol-2.
When comparing different methods for the evaluation of the excited state properties of a conjugated molecule it is crucial to start from reference ground state structures, since excitation energies can be highly affected by the fine structure of the bond length pattern.
Recently, we have shown how Quantum Monte Carlo (QMC) 37 methods can provide an accurate ground state geometry for polyenes and conjugated biochromophores. [38] [39] [40] [41] Following these works we have optimized the ground state geometry of the three forms by means of variational Monte Carlo (VMC) using the Jastrow Antisimmetrized Geminal Power ansatz (JAGP). 42, 43 The combined use of QMC and JAGP has proven to be successful in several applications of physical and (bio)chemical interest, from small molecules (like methylene) to cobalt-based catalysts for the water splitting reaction. [38] [39] [40] [41] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] The JAGP ansatz has been recently extended to the calculation of excitation energies [54] [55] [56] of small molecules and model systems. The VMC/JAGP ground state structures obtained for the keto-1, enol-1, and enol-2 forms have been then compared with those obtained within the DFT framework using different classes of functionals and with CASSCF (18, 15) in Ref.
12
The excited state calculations on keto-1 and enol-1 forms have been carried out using the many body Green's function theory (MBGFT), [57] [58] [59] CC2 and TDDFT with several functionals. Within MBGFT, the GW approximation and the Bethe-Salpeter (BS) formalism 60, 61 have been recently applied to the study of optical properties of gas-phase 40 The present work is organized as follows: in Section 2 we briefly describe the theoretical methodology and discuss the computational details. In section 3 we first report the geometrical properties of the studied forms with different approaches and next we discuss the first optical vertical excitations of the keto-1 and enol-1 forms: our results are systematically compared with the experimental absorption of the bare ion 14 and with previous theoretical studies at TDDFT 14 and MS-CASPT2 13 levels of theory. Our analysis of the electronic properties of enol-2 is illustrated in a dedicated subsection. Finally in Sec.4 we summarize our findings, underlining the good performance of VMC/BS for the study of the S 1 ← S 0 excitation of the anionic forms of OxyLuc.
B3LYP) and meta-GGA (M062X) functionals have been chosen for the DFT optimizations.
The DFT structure calculations have been carried out using Gaussian 09 77 with the diffuseaugmented polarized double-ζ basis set Def2-SVPD.
78
The VMC structural optimization has been obtained through the minimization of the energy with respect to both the variational parameters α and the nuclear coordinates R of the trial wave function Ψ T :
The energy E at a fixed configuration is evaluated as the expectation value of the electronic HamiltonianĤ, and the corresponding integral over the electronic coordinates x (spatial r and spin σ) is written introducing the local energy
and the probability density Π(x; α, R) =
The value of the integral in Eq. 2 is estimated as a sum over a finite set of points in the x space, generated by the Metropolis-Hasting algorithm according to the probability density Π(x; α, R).
79
We have applied the linear method 80 with the inclusion of a partial Hessian to accelerate convergence 81 for the optimization of the wave function variational parameters α, while the steepest descent algorithm has been used for the structure optimization.
Within the VMC framework, ionic forces for the nucleus a are given by the following expression:
The variance on the calculated forces is drastically reduced by using the Space Warp Coordinate Transformation (SWCT). 83, 84 Analytical derivatives of the function resulting by the combined use of pseudopotentials and SWCT, also taking into account the differentiation of the electronic coordinates with respect to the nuclear ones (beyond the expression reported in Eq. 3), have been obtained using the adjoint algorithmic differentiation scheme.
85
VMC geometry optimization can be considered an accurate reference for the determination of structures of chromophores involved in biological processes, 39, 40 thanks to the explicit presence of the Jastrow factor. 50 Another important advantage of the method is the extremely favorable parallelism of the algorithms, which is linear with the number of cores, allowing to efficiently exploit high-performing computing facilities and, consequently, to massively apply QMC to the study of medium-and large-size chemical systems.
The trial wave function adopted in this work is the Jastrow Antisymmetrized Geminal Power (JAGP), 42, 43, 50 built as the product of an Antisymmetrized Geminal Power (AGP), defining the nodal surface, and a Jastrow factor. The latter is a positive function including manyparticle terms for the correct description of the electron-electron and electron-nucleus cusp conditions 86 in the case of all-electron calculations, and of the dynamical correlation:
Note that the dependence of Ψ T from α and R will be omitted from here on. For closedshell molecular systems of M atoms and N e electrons in a spin singlet state (as is the present case), where N e /2 = N ↑ e = N ↓ e , the AGP part is given by the antisymmetrized product:
where Φ G are geminal functions of two electrons with opposite spin, defined as the linear combination of products of two one-electron atomic orbitals centered on the different nuclei pairs.Â is the antisymmetrization operator.
The Jastrow term J is split into a product of different terms J = J 1 J 2 J 3 J 4 , 44,87,88 accounting for one-(J 1 ), two-(J 2 ), three-(J 3 ) and four-body (J 4 ) contributions. The J 3 term refers to the een contribution, while the J 4 one corresponds to eenm, with n and m being different nuclei. A detailed discussion on the role played by each contribution and on the functional form of the various Jastrow terms can be found in Refs. 88 and. 50 As shown in Eq. 4, the Jastrow factor is spin independent.
The TurboRVB package 89 has been used for the VMC calculations, following the computational protocol reported elsewhere. 39, 40 The basis sets used for the Ψ AGP and J 3 and J 4
terms of the trial wave function in the VMC geometry optimization are reported in Table   1 . All linear and nonlinear parameters belonging to the AGP and the Jastrow terms have been optimized by minimizing the ground-state energy E. Pseudopotentials for C, N, O and S atoms have been employed. 90, 91 The effect of the pseudopotentials on the geometric parameters is negligible when compared with all-electron results, as shown by previous calculations 44 for the C=C and C-H bonds of the ethylene molecule. 
Electronic and Optical properties
Electronic and optical properties of the keto-1 and enol-1 forms have been calculated at DFT/TDDFT, CC2 and GW/BS levels. For enol-2, only DFT and TDDFT calculations have been performed. Kohn-Sham frontier orbitals have been calculated using Def2-SVPD, cc-pVTZ and aug-cc-pVTZ Dunning's basis sets. TDDFT calculations have been carried out using BLYP, B3LYP, CAM-B3LYP and M062X functionals with Gaussian basis sets. For VMC and CAM-B3LYP structures we have employed basis sets up to the cc-pVQZ.
MBGFT excited-state calculations based on the GW/BS approach have been performed for the keto-1 and enol-1 forms. First we computed the single-particle Kohn-Sham states φ KS i and corresponding energies KS i , needed as starting-point in GW/BS procedure, then quasiparticle energies have been computed by considering the GW self energy in the quasi-particle equation. GW quasi-particle energies GW i are given by:
where Σ GW is the GW self energy, which is the product between the Kohn-Sham Green's function G KS and the screened Coulomb interaction W :
where the term e iηω enforces the correct time ordering of the self energy. The screened potential W is obtained within the random phase approximation (RPA) and V xc is the usual DFT exchange-correlation potential.
In order to remove the dependency of the final quasi-particle states on the specific functional used for the DFT starting point, a partially self-consistent scheme (evGW) has been applied, where the
GW i
obtained from Eq. 6 are then reinserted in the construction of the Green's function and the polarizability in Eq. 7 and Eq. 6 is iterated until self consistency is reached. In this procedure the Kohn-Sham wave functions are kept frozen. It has been shown by several authors that this partial self-consistent method strongly improves HOMO-LUMO gaps and thus BS excitation energies. 71, [92] [93] [94] [95] We noticed that, in the evGW procedure, the dependence of the results on the initial conditions is strongly reduced for the keto-1 form, while it is only slightly reduced for the enol-1 form (see below). Therefore, as starting eigenvalues and eigenfunctions, we used those obtained from the LDA and CAM-B3LYP
approximations for the exchange and correlation functional. Excitation energies were then computed by solving the BS equation, i.e. including the electron-hole interaction (e-h). An electron-hole state can be described as: 
In the excitonic Hamiltonian R is the Hermitian resonant part:
and C is the coupling symmetric part:
where K = W −2V is the BS excitonic kernel, with W and V the screened and bare Coulomb interaction respectively, and jb indicates the electron-hole anti-pairs. MBGFT calculations have been performed as implemented in the all-electron Gaussian basis set MolGW 97 package using the cc-pvQZ basis set and resolution-of-the-identity (RI) technique. 98 The RI technique expresses four-center integrals in terms of two and three-center integrals by using auxiliary basis sets. All virtual states are included in the construction of both the polarizability and the self-energy, while core states are neglected. Ha for the exchange component.
The Molpro package 102 has been used for the CC2 excited-state calculations with the ccpVDZ and cc-pVTZ Dunning's basis set, while, unfortunately, cc-pVQZ basis set produces memory and instability issues.
We have also performed DFT geometry optimizations and TDDFT excited-state calculations in implicit solvent with the polarizable continuum model (PCM) 103 using the Gaussian 09 code. In detail, keto-1, enol-1 and enol-2 forms have been optimized in water and toluene using the Def2-SVPD basis set at DFT/CAM-B3LYP level of theory. The same functional has been used for the TDDFT calculations. In order to assess the stability of the dianionic enol-2 in gas phase, frontier orbitals and HOMO-LUMO gap have been computed with BLYP, B3LYP, CAM-B3LYP and M062X functionals and cc-pVTZ, aug-cc-pVTZ and Def2-SVPD basis sets.
Results and discussion
Starting from the consensus about the possible role as main emitters of keto-1, enol-1 and enol-2 forms, we report our results on the structural properties in Section 3.1. The vertical S 1 ← S 0 excitations for keto-1 and enol-1 are presented in Section 3.2, and in Section 3.3
we discuss the excitations of all three forms in the presence of a solvent, emphasizing the intrinsic difficulty to treat the enol-2 dianion in the gas phase.
S 0 gas phase structures
In this section we compare a selection of bond lengths obtained relaxing the ground-state structures at different levels of theory. These geometric parameters are key quantities to assess the quality of the ground state and to properly compute the vertical absorption energies.
The comparison aims at assessing the role of the computational method in determining geometric parameters for a given form, and to show the differences in the geometrical parameters among the three forms, when the structures are optimized using the same approach.
To simplify the discussion, we have numbered the involved atoms as reported in Figure   1 . In detail, we have focused the attention on the C 2 -C 2 central bridge bond, which is characterized by an hybrid nature of single and double bond, the C 2 -N 3 and N 3 -C 4 bonds, the C 5 -S 1 bond and the C 4 -C 5 bond on the five-ring moiety, together with the two C-O bonds. All the values are reported in Table 2 . The bond lengths between two atoms m and n will be indicated as R m,n . Following the analysis reported in Ref.
, 33 we preferred to analyze those bonds that display a resonance character, and which are therefore involved in the π conjugation of the OxyLuc forms. In Table S1 of the Supporting Information (SI) we also report the 3-2-2' and 1-2-2' angles and the 2-2-2'-3' dihedral for the optimized structures of the three forms.
Starting from the keto-1 form, we observe that the CASSCF (18, 15) Qualitatively, the various methods adopted for the geometry optimization of keto-1 behave similarly when applied to enol-1 and enol-2. Looking at the specific features of enol-1 and enol-2 forms, in the VMC enol-1 structure we found a bridge bond R 2,2 of 1.434(1) Å, longer than in keto-1 (1.408(3) Å). The large differences found for R 4,5 and R 4 ,11 between keto-1 and enol-1 are obviously due to the keto-enol tautomerization. A rather large difference is also seen for the bond involving the sulfur atom, with a shortening of 56(2) mÅ. The C 2 -C 2 is even longer in the enol-2 form (1.457 Å).
Generally, the comparative analysis of keto-1, enol-1 and enol-2 forms allows us to state that the level of theory used for the geometry optimization of the three species does not affect much the relative structural properties.
Trans isomers with respect to the bridge R 2 −2 bond have been reported to be more stable than the cis ones in gas phase, as shown by simple calculations using the Boltzmann distribution and molecular dynamics simulations.
14 At room temperature, the isomerization from trans to cis of the keto-1 form has substantially zero probability to occur. Moreover, at MS-CASPT2 13 and DFT 14 levels of theory, the keto-1 form is significantly more stable than the enol-1, with trans-cis energy differences of 13.4 and 11.3 kcal/mol, respectively. Thus, assuming that in the gas-phase experiment only the keto-1 form exists, we are allowed to compute the isomerization energy of the keto-1 species. On the other hand, the enol-1 form was found to be slightly more stable than keto-1 in water clusters. 76 Using the Def2-SVPD basis set we have estimated the trans-cis energy difference at DFT level for the keto-1 form, obtaining 12.7 kcal/mol with BLYP, 9.5 kcal/mol with CAM-B3LYP and 
S 1 ← S 0 vertical absorption for keto-1 and enol-1
In gas-phase the only existing OxyLuc form is keto-1, as inferred from the stability arguments reported above. From a theoretical standpoint, therefore, we now wish to compare the experimental absorption of 2.26(8) eV (548(10) nm) obtained using the action spectroscopy technique 14 with the vertical excitation energy computed on the keto-1 form. In order to achieve this goal, we computed the S 1 ← S 0 excitation energy (∆E) using TDDFT with several functionals, evGW/BS (with Gaussian basis sets and plane waves), and CC2 on structures optimized at different levels of theory (VMC, DFT and CASSCF). Large variations exist in the ∆E value according to the chosen computational protocol. Moreover, the same systematic study on the optical properties of enol-1 revealed that the absorption energy shift of enol-1 with respect keto-1 can change sign when the theoretical approach and the convergence degree with respect to the basis set are changed.
The S 1 ← S 0 transition studied in this work is characterized by a predominant singleexcitation nature. 14 TDDFT excitation energies calculated on the different structures of keto-1 form obtained as described above are shown in Figure 2 . It is evident that TDDFT Figure 2 : Excitation energies (in eV) for the keto-1 form using TDDFT (BLYP, B3LYP 14 and CAM-B3LYP with Def2-SVPD basis set), CC2 (cc-pVTZ basis set) and evGW/BS (cc-pVQZ basis set). Optimized ground-state geometries from DFT (BLYP, B3LYP and CAM-B3LYP), CASSCF (18, 15) 12 and VMC. Horizontal lines correspond to the experimental value of 2.26 eV (solid) and the related error (± 0.08 eV, dashed). The corresponding TDDFT values are collected in Table S2 of SI. results show a poor agreement with the experimental value, with the exception of the semilocal BLYP functional, probably because of a cancellation of errors, as already suggested in
Ref.
14 TDDFT calculations have been performed using the Def2-SVPD basis set, as done in
14 and, as pointed out in the same reference, the results are clearly affected by the choice of the exchange correlation kernel. On the other hand, it is important to stress that the fine convergence with respect to the basis set is of fundamental importance when determining the relative shift in energy between the keto-1 and enol-1 excitations. The complete list of results is reported in SI in Tab. S2 and S3.
From Fig. 2 it is clear that B3LYP and CAM-B3LYP functionals overestimate the excitation energy of the keto-1 form, regardless of the optimized structure: the B3LYP excitation energy spans from 2.50 to 2.60 eV, the CAM-B3LYP is always larger than 2.60 eV. TDDFT values with the M062X functional show the same trend of those using CAM-B3LYP (Table   S2 in SI). As expected, the net effect of the ground-state structure is to induce a blue shift, when the same excited-state approach is employed, in conjunction with a decrease of the correlation along the conjugated bonds: the CASSCF(18,15) structure produces the highest S 1 energy, as also found for the enol-1 form as shown in Figure 3 . In summary, the level of theory employed for the structural optimization produces a moderate blue shift in the vertical excitation, smaller than 0.1 eV when the difference between single and double bonds increases. This is a much more reduced effect than those observed for linear chromophores like the peridinin carotenoid. 40 We note here that CAM-B3LYP and VMC geometries determine essentially indistinguishable excitations for the keto-1 form ( Figure 2 and Table S2 ), provided the same functional for TDDFT is used.
TDDFT excitation energies computed using the 6-311+G* basis set, reported in Table   S3 of SI, show no substantial difference with the Def2-SVPD set of results.
Excluding the poor TD-BLYP results, only the combination of VMC and BS is able to accurately match with the experimental value of 2.26(8) eV, as shown in Figure 2 . The evGW/BS excitation energy for the keto-1 form (2.32 eV) was obtained using the cc-pVQZ Gaussian basis set starting from CAM-B3LYP eigenvalues and eigenstates. We have tested the dependence on the choice of the exchange and correlation functional in the ground state in the partially self-consistent evGW/BSE procedure using also LDA functional obtaining a very similar result, 2.34 eV (see Table S5 ). The convergence study (on the VMC structure of the keto-1 form) of the excitation energy as a function of the size of the basis set is reported for TDDFT (CAM-B3LYP) and evGW/BS in Tables S4 and S5 of SI, respectively: the energy decreases when increasing the complexity of the basis set, the cc-pVQZ being the largest basis set one can reasonably apply to OxyLuc systems. The convergence for the evGW/BS excitation energy has been also validated with respect a plane wave calculation starting from LDA ground state (Table S5) .
Similarly, we report in Figure 3 the values of the excitation energy for the enol-1 form, Figure 3 : Excitation energies (in eV) for the enol-1 form using TDDFT (BLYP, B3LYP and CAM-B3LYP with Def2-SVPD basis set), CC2 (cc-pVTZ basis set) and evGW/BS (ccpVQZ basis set). Optimized ground-state geometries from VMC and CASSCF (18, 15) . 12 The corresponding TDDFT values are collected in Table S2 in SI.
using the ground-state optimized VMC and CASSCF (18, 15) structures, at TDDFT (BLYP, B3LYP and CAM-B3LYP), CC2 and evGW/BS level. TDDFT excitation energies are also reported in S2 of SI, while BS and CC2 energies are in Tables 3 and 4 , respectively. The CASSCF(18,15) structure produces a systematic shift towards larger energies regardless of the excited-state approach. In particular, the net effect of using the CASSCF(18,15) geometry of the enol-1 form is to increase the excitation energy by 0.07 eV, when calculated in GW/BS framework, and by 0.05 eV for CC2. Also in this case, the TDDFT results span a large energy range (around 0.4 eV) according to the functional employed for the calculation, regardless of the chosen geometry.
Looking at the keto-1/enol-1 S 1 energy shift (defined as the difference between the keto-1 and the enol-1 excitation energies, see Table 5 It is important to note that while the keto-1 evGW/BS excitation energy is only barely affected by the choice of the DFT initial guess, passing from CAM-B3LYP (2.32 eV) to LDA (2.34 eV), a large effect (i.e. blue shift) is instead observed for enol-1 passing from 2.35 eV to 2.45 eV when LDA ground state is considered as a starting point. Such a difference needs to be ascribed to the different localization of the wave functions at CAM-B3LYP and LDA level for the enol-1 form. The LDA-based partially self consistent evGW/BS excitations for VMC and CASSCF (18, 15) structures are reported in Tab. S7.
Using a cc-pVTZ basis set, the CC2 shift is zero when the VMC structure is used, and 0.02 eV for the CASSCF (18, 15) . Unfortunately, CC2 calculations with a cc-pVQZ basis set are not affordable since they are extremely memory demanding; however, the trend in the excitation energies (see Table S6 ) passing from cc-pVDZ to cc-pVTZ indicates that, for an even larger basis set, the sign of the keto-1/enol-1 shift could be the same of the one obtained in evGW/BS and MS-CASPT2 framework. Table 3 : evGW/BS vertical S 1 ← S 0 absorption energies using the cc-pVQZ basis set for the keto-1 and enol-1 forms with VMC and CASSCF structures. CAM-B3LYP ground state is used as starting point for the partially self-consistent evGW. The experimental excitation energy is 2.26 ± 0.08 eV (548 ± 10 nm). 
The study of the ground and excited-state properties of the gas phase enol-2 form represents a challenge for any theoretical approach, since a double negative charge characterizes the electronic structure of the system (Figure 1) . A deeper insight into the properties of the HOMO and LUMO energies is therefore needed in order to understand whether the two electrons in excess can maintain the electronic density bound in gas phase conditions, without a stabilizing counterion.
The HOMO and LUMO energies of the gas-phase keto-1, enol-1 and enol-2 forms are reported in Table S8 of SI. These calculations were done considering the CAM-B3LYP structures, which, as previously mentioned, are close to the VMC ones. First we observe that for the singly-charged systems, the HOMO orbital is bound with a negative energy, regardless of the specific choice for the calculation, whereas the LUMO orbital lies in the continuous part of the eigenvalue spectrum. Energies are sensitive to the addition of diffuse functions to the cc-pVTZ basis set, but the gap remains substantially unchanged (the largest difference being of 0.1 eV for the enol-1 using M062X and aug-cc-pVTZ), confirming that the electronic density is well localized around the nuclei of the keto-1 and enol-1 species. The results of the tests performed both in Gaussian basis set and in plane waves clearly show that ground state density for the gas phase enol-2 is unbound, thus questioning the reliability of previous gas phase calculations present in the literature.
The ANO-RCC-VDZP basis set used to compute MS-CASPT2 absorption of the gas phase enol-2 in Ref. Table 6 . The corresponding energies are instead given in Table S10 of SI. HOMO and LUMO energies and the corresponding gaps for the keto-1 and enol-1 forms in water and toluene are instead reported in Tables S11 and S12, respectively. The direct interaction with a polarizable medium stabilizes the electronic density of the dianion, making the HOMO-LUMO gap less sensitive to the basis set, while, as expected, an evident dependence on the DFT functional is still present. In water, both HOMO and LUMO energies become negative and the corresponding gap (for a given functional) is not strongly affected by the augmentation. The same stability is found for the enol-2 in toluene, a non-polar solvent, even if only the HOMO orbital has a bound energy.
The S 1 ← S 0 transition on the CAM-B3LYP structures of the three forms in water and toluene have been calculated using the CAM-B3LYP and the Def2-SVPD basis set. The results are shown in Table 7 , together with the gas phase value for keto-1 (see Table S2 ) and enol-1.
It is interesting to note that the three forms are characterized by a different response with respect to the solvent: keto-1 excitation energy is red-shifted with respect to the gas phase, with only a small variation in water (0.04 eV); a large blue-shift is seen for the enol-1 form in water, while only small differences are found in toluene.
In water, enol-1 shows the maximum excitation energy; our calculations qualitatively confirm the relative shift in water among the three forms already computed at TDDFT/CAM-B3LYP level using the 6-31G 
Conclusions
The S As shown in previous works, VMC is able to include a balanced description of the electronic correlation. Assuming the VMC as a reference structure, we have observed that the much less computationally demanding CAM-B3LYP or M062X DFT structural relaxation provides accurate results for complex, non-symmetric and conjugated molecular systems as the anionic forms of OxyLuc.
Regardless of the level of theory employed for the ground-state geometry optimization, the keto-1/enol-1 shift computed at BS level has the same sign of the very accurate MS-CASPT2 results while TDDFT calculations using semi-local functionals and even hybrids as B3LYP fail to predict the correct sign of the shift. However, when passing from LDA to CAM-B3LYP wave functions in evGW/BS calculations a shift of 0.1 eV is observed for the enol-1 form. This indicates that particular care needs to be paid in the choice of the initial guess when determining the keto-1/enol-1 shift.
In the last years the BS approach has been shown to provide accurate excitation energies on well-known sets of small molecules and organic dyes. The present work contributes, together with previous ones by us and other authors, 62, 105, 106 in showing that it is a promising tool to compute excited state energies in complex chromophores of biological interest.
Finally, studying the dianonic enol-2 form we have shown that particular attention needs to be paid to its unbound electronic character, and that meaningful results are obtained only when considering the effect of stabilizing solvents. 
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